Sertoli cells (SCs) regulate testicular fate in the differentiating gonad and are the main regulators of spermatogenesis in the adult testis; however, their role during the intervening period of testis development, in particular during adult Leydig cell (ALC) differentiation and function, remains largely unknown. To examine SC function during fetal and prepubertal development we generated two transgenic mouse models that permit controlled, cell-specific ablation of SCs in pre-and postnatal life. Results show that SCs are required: (1) to maintain the differentiated phenotype of peritubular myoid cells (PTMCs) in prepubertal life; (2) to maintain the ALC progenitor population in the postnatal testis; and (3) for development of normal ALC numbers. Furthermore, our data show that fetal LCs function independently from SC, germ cell or PTMC support in the prepubertal testis. Together, these findings reveal that SCs remain essential regulators of testis development long after the period of sex determination. These findings have significant implications for our understanding of male reproductive disorders and wider androgen-related conditions affecting male health.
INTRODUCTION
Sertoli cells (SCs) are essential regulators of testicular fate in the differentiating gonad (reviewed by Cool et al., 2012; Quinn and Koopman, 2012; Sekido and Lovell-Badge, 2013; Warr and Greenfield, 2012) , although the role that these cells play in the fetal and prepubertal testis remains largely unknown. Initially, the SCs act as organising centres, enclosing germ cells (GCs) to form testicular cords and secreting factors such as DHH and PDGF, which are essential for development of the fetal population of Leydig cells (FLCs) (Brennan et al., 2003; Yao et al., 2002) . Thereafter, the SCs go through a period of intense proliferation during fetal and early neonatal life (Sharpe et al., 2003) , which is regulated by a number of factors including androgens (Auharek et al., 2012; Sharpe et al., 2003) , FSH (Orth, 1984) , activin A (Boitani et al., 1995) and the insulin/IGF1 pathway (Pitetti et al., 2013) . The proliferative phase stops shortly before puberty [approximately postnatal day ( pnd) 15 in mice] and the SCs undergo a fundamental change and overall increase in activity as they reach adult numbers Tarulli et al., 2012) . Towards the end of the proliferative phase, a second, adult population of Leydig cells (ALCs) starts to develop from peritubular and perivascular precursor cells (Baker et al., 1999; Nef et al., 2000; O'Shaughnessy et al., 2008b) and this forms the stable population of LCs associated with androgen production throughout adulthood. The peritubular myoid cells (PTMCs), which enclose the seminiferous epithelium, proliferate markedly after birth (Nurmio et al., 2012) and interact closely with SCs to support seminiferous tubule development and function, including deposition of the basement membrane (BM) of the tunica propria (Ailenberg et al., 1990; Skinner et al., 1989; Tung and Fritz, 1987; Tung et al., 1984) . GCs also undergo a period of intense proliferation after birth (Nurmio et al., 2012; Vergouwen et al., 1993 Vergouwen et al., , 1991 leading up to the onset of meiosis as the animals enter puberty. Currently, we know little about the cellular interactions that drive prepubertal testis development, and whether the SCs retain a pivotal role after initial gonad differentiation or, indeed, whether they play a major role in adult testis function, beyond spermatogenesis, remains unclear.
Controlled cell ablation is a powerful technique that can reveal fundamental information about organ development and function. Studies of testis biology have a well-recognised history of cell ablation studies, mostly using cytotoxins such as busulfan (for GC ablation) (Brinster et al., 2003; Yoshida, 2010) and ethane dimethane sulphonate (EDS) (for LC ablation in rats) (Sharpe et al., 1990) . Similar studies to examine the effects of SC ablation on testis function have not been possible, however, as specific cytotoxins that target the SC are not available. To achieve controlled SC ablation, which will allow a systematic review of SC function, it is therefore necessary to take a different approach. Diphtheria toxin (DTX) is an extremely potent cytotoxic protein in some mammalian species. It is made up of two linked A and B peptide subunits with the B subunit able to bind to the HBEGF receptor [also known as diphtheria toxin receptor (DTR)]. Internalisation of the receptortoxin complex and release of the A subunit (DTA) leads rapidly to apoptotic cell death.
In this study we use two separate transgenic approaches (Brockschnieder et al., 2004; Buch et al., 2005) to target DTR or DTA to the SCs, allowing controlled ablation of the cells in the fetus or at any age after birth. Results show that, far from simply proliferating, the SCs function in the prepubertal testis to actively support postnatal testis development, including the development of the ALC population and retention of the PTMC phenotype. Together, these findings describe a new model of testis development, which encompasses SC-mediated control of ALC development and function. These findings have significant implications for our understanding of both male reproductive disorders and wider androgen-related conditions affecting male health.
RESULTS
SC-specific ablation in Amh-Cre;DTA/iDTR mice To determine the role of SCs in testis development, two different mouse models were generated which targeted the expression of DTA or DTR to SCs using Amh-Cre. For the first model we bred Amh-Cre +/− males (Lécureuil et al., 2002) to mice carrying a Cre recombinaseinducible DTA fragment (Rosa26-DTA) (Brockschnieder et al., 2004) ( Fig. 1A) . Activation of Cre recombinase at embryonic day (E) 15 results in expression of DTA, which induces SC death from this time point. Examination of gross testis morphology in adulthood has indicated two divergent phenotypes, with a 60% reduction in testis size in one group (95% of testes examined) and a 90% reduction in the other (5% of testes examined), which could be attributed to whether SC ablation was partial or complete ( Fig. 1B ; supplementary material Figs S1 and S2).
To complement this model, and to permit selective ablation at key stages of postnatal life, we also bred the Amh-Cre +/− line to mice carrying a Cre-inducible simian HBEGF (iDTR) (Buch et al., 2005) (Fig. 1C ). Initial studies showed that injection of 100 ng DTX has no impact on the testis from wild-type, Amh-Cre +/− or iDTR +/− animals, but that it induces specific and complete ablation of SCs in Amh-Cre +/− ;iDTR +/− animals, with no evidence of increased apoptosis in other organs (data not shown). On this basis, and to minimise animal numbers, Amh-Cre +/+ ;iDTR +/+ mice treated with 100 ng DTX or vehicle were used for the remainder of the study (supplementary material Fig. S1 ).
Injection of DTX induced a reduction in testis size at both postnatal ages tested [ pnd2 ( Fig. 1D ) and pnd18], which was associated with SC apoptosis (Fig. 1E ). Following induction of SC apoptosis, macrophage numbers were unchanged 1 day (d) postablation (supplementary material Fig. S3 ). However, an apparent increase in macrophage numbers was observed 4 days post-ablation, consistent with macrophage clearance of cellular debris. Macrophage numbers declined to control levels by 13 d post-ablation. One week after injection of DTX, there was no remaining evidence of SC apoptosis in the testis (Fig. 1E ). Confirmation of SC ablation was obtained by immunohistochemical localisation of the SC marker SOX9 ( Fig. 1F ; supplementary material Fig. S2 ) and qRT-PCR analysis of the SC-specific transcripts Dhh, Wt1 and Fshr ( Fig. 1G ; supplementary material Fig. S2 ). Furthermore, circulating FSH concentrations were significantly increased at all ages [consistent with removal of the SC-dependent hypothalamic-pituitary-gonadal axis negative-feedback loop ( Fig. 1H) ]. Together, these data confirmed successful ablation of the SC population from the testis in the iDTR model. Surprisingly, however, the epithelial cells of the rete testis (which express SOX9 and have been hypothesized to be modified SCs) were retained following DTX treatment. To examine this in more detail we bred Amh-Cre +/− mice to a Cre-inducible YFP reporter line (Srinivas et al., 2001) , and confirmed that the Amh-Cre transgene is expressed only in a proportion of epithelial cells of the rete testis ( Fig. 1I ). This mosaic Cre expression explained why a proportion of the SOX9-expressing cells were retained in the rete testis of DTX-treated mice. Furthermore, Amh-Cre-induced YFP labelling of a subset of the rete epithelium suggested that these cells do indeed have an SC origin/phenotype [which is supported by the presence of an archetypal SC tripartite nucleolus in some of the cells (Fig. 1J) ]. These observations serendipitously provided a valuable internal control for our subsequent studies.
Ablation of SCs at any age induces loss of all GC types, but GC loss does not impact on testicular architecture Consistent with their close functional and physical association, ablation of SCs was associated with a significant reduction in testis weight at all time points due to extensive loss of GCs (which normally constitute >80% of testis weight in the adult) ( Fig. 2A ; supplementary material Fig. S4 ). Loss of GCs at all stages of development following SC ablation ( Fig. 2B ; supplementary material Fig. S4 ) was confirmed by qRT-PCR analysis of gene transcripts associated with specific GC stages (Stra8, spermatogonia; Dkkl1, spermatocyte; and Tnp1, spermatid) ( Fig. 2C ; supplementary material Fig. S4 ). Consistent with loss of GCs, spermatozoa were absent from the epididymides of all SC-ablated animals when examined in adulthood ( Fig. 2D ; supplementary material Fig. S4 ).
To exclude the possibility that GC loss would complicate our study of the somatic cell populations, and also to control for impacts arising from macrophage activation following induction of widespread cellular apoptosis, we generated Stra8-Cre +/− ;iDTR +/− mice, which target iDTR expression specifically to the GC lineage (from pnd3) (Sadate-Ngatchou et al., 2008) . Injection of 100 ng DTX at pnd10 induced specific ablation of GCs. Consistent with mouse models of busulfan-mediated GC ablation (O'Shaughnessy et al., 2008a,b) , we observed no gross somatic cell impact arising from GC loss (supplementary material Fig. S5 ). Furthermore, compound Amh-Cre +/− ;Stra8-Cre +/− ;iDTR +/− mice displayed an identical testicular histology to Amh-Cre +/− ;iDTR +/− mice following treatment with DTX (supplementary material Fig. S6 ).
SCs maintain the differentiated PTMC phenotype in prepubertal life
With the specificity of the model validated, we examined the impact of SC ablation on the architecture of the developing testis. SC ablation in fetal life profoundly altered the architecture of the testis in adulthood, with no evidence of recognisable seminiferous tubules and no expression of PTMC marker proteins. Ablation of SCs at pnd2 by DTX injection led to a similar disruption of tubular architecture, with no intact seminiferous tubules present in the testis 4 days after a single injection of DTX on pnd2, although the rete testis remained (Fig. 3A) . Collapsed tubule remnants could be seen within the testis parenchyma, with the PTMCs forming concentric rings and occasionally surrounding a surviving spermatogonial stem cell (Fig. 3A) . These changes were associated with the loss of normal PTMC markers 1 d or 6 d after injection, although there was no evidence of PTMC apoptosis at these times [by cleaved caspase 3 expression ( Fig. 1E) ].
Smooth muscle actin (SMA) is expressed by the PTMC and usually surrounds the developing seminiferous tubules, but it appeared discontinuous 1 d after DTX treatment on pnd2, as the tubular architecture was being lost (Fig. 4A ). By 4 d post-ablation, SMA expression in DTX-treated animals was restricted to the testicular vasculature, the rete testis and tunica albuginea ( Fig. 4B ), consistent with disruption to seminiferous tubule morphology ( Fig. 3A) . Similarly, expression of smooth muscle myosin heavy chain (smMHC; a specific marker of smooth muscle cells) and calponin (a functional marker of PTMC contractility) was disrupted in the PTMC 4 d after DTX injection on pnd2 (supplementary material Fig. S7 ). In addition, the seminiferous tubule BM, as characterised by laminin immunolocalisation, also appeared disrupted and diffuse at this time (supplementary material Fig. S7 ). These observations were mirrored by transcript levels of the PTMC markers Cnn1 and Myh11, both of which showed significantly reduced expression 4 d, 13 d and 78 d after pnd2 SC ablation ( Fig. 4C,D) . It is well established that loss of SMA, smMHC and calponin expression represents a marker of smooth muscle cell dedifferentiation (reviewed by Owens et al., 2004) and, considering also the absence of apoptosis, strongly suggests that PTMCs undergo dedifferentiation after neonatal SC ablation. Together, these data suggest that SCs act during the fetal and perinatal period both to promote PTMC specification and to maintain continued PTMC fate in cells immediately abutting the SCs.
To confirm this relationship, we isolated testes at pnd8, made single-cell suspensions and xenografted the cellular milieu under the skin of nude mice. Complete disruption of the testicular architecture provided a further opportunity to test whether PTMCs require the proximity of SCs to retain their differentiated state. Examination 28 d later demonstrated that PTMCs only retained a smooth muscle identity when abutting the SCs of the reformed seminiferous tubules (supplementary material Fig. S8 ), thus confirming the close functional relationship between these cell types at this age.
SC control of PTMC fate is temporally restricted to prepubertal life
To establish whether control of PTMC fate was temporally restricted, we examined testes collected at pnd80 from animals that had undergone SC ablation at d2 or d18. At d80, following SC ablation on pnd2, the tunica of the testis was clearly thickened ( Fig. 3C ) and the rete testis remained intact but no other tubular structures were apparent (Fig. 3C ). In the parenchyma of the testis some concentric circles of cells were seen, which might represent PTMCs from previously collapsed tubules seen at pnd6 (Fig. 3A,C) . No PTMC markers could be seen, however, by immunohistochemistry, apart from around blood vessels, and the expression of Cnn1 and Myh11 was markedly reduced (Fig. 4C,D) . By contrast, in adult ( pnd80) mice treated with DTX at pnd18, the tubular structure of the testis remained intact (Fig. 5 ), although the tubules were marked by the presence of calcium salt deposits in the lumen (Fig. 5B ). PTMCs were present around the tubules (Fig. 5B , white arrowhead), forming multilayers in places. The lumen of some of the tubules also contained a number of unidentified cells (Fig. 5B ). PTMC SMA expression was retained in these animals (Fig. 4E) .
The overall maintenance of tubular structure in mice treated with DTX after pnd18 suggests that the BM laid down by SCs and PTMCs is sufficient by this age to provide structural support to the seminiferous tubules. Consistent with this hypothesis, immunolocalisation studies in adult ( pnd80) testes from mice treated with DTX at pnd18 indicated normal laminin distribution (Fig. 4F) ; however, PTMC function might be impacted as calponin expression is lost from PTMCs, yet retained in blood vessels (Fig. 4G ). In testes from adult animals treated with DTX at pnd2, both laminin and calponin expression localised only to the blood vessels and to the rete testis ( Fig. 4F ). Together, these data suggest that SC maintenance of the differentiated PTMC phenotype is restricted to prepubertal life.
FLCs function independently in the neonatal testis
Differentiation of the FLC population is critically dependent on SCs in fetal life, but the role of SCs in supporting FLCs beyond this point Fig. 3 . Testicular histology following SC ablation at pnd2. (A) Testicular histology of testes 4 d after ablation at pnd2. In DTX-treated animals no intact seminiferous tubules are present, although the rete testis remains present. In control testes, primordial germ cells (red arrows) and SCs (white arrows) are present inside the tubules and are surrounded by an intact PTMC layer (white arrowheads). FLCs (red arrowheads) are apparent in the interstitial tissue. In DTX-treated animals the tubules appear to have collapsed with the PTMCs forming concentric rings (white arrowheads), occasionally surrounding a surviving spermatogonial stem cell (red arrow). LCs remain present in the tissue between the collapsed tubules (red arrowheads). The insets, which are at lower magnification, show the overall structure of the seminiferous tubules in vehicle-or DTX-treated testes. (B) Testicular histology of adult testes (80 d) after ablation at pnd2. Representative SCs (white arrows), PTMCs (white arrowheads) and LCs (red arrowheads) are highlighted in vehicle-treated testis. In DTX-treated animals there was no tubular structure, although the rete testis remained intact (black arrow). The epithelium of the rete testis either had an SC-like appearance or had a highly elongated, pseudostratified appearance (black and red arrows). Abundant LCs were present in the vicinity of the rete testis (red arrowheads and delineated by the red dashed line), but there was a sharp reduction in LC numbers further from the rete testis. (C) Some variation between animals was seen in the size of the LC population surrounding the rete testis (black asterisks). In the parenchyma of the testis, concentric circles of cells were seen that might represent collapsed tubules seen at pnd6 (white dashed line). LCs were present but scarce in this region (red arrowheads). Scale bars: 50 µm in A-C; 250 µm in insets.
is unknown. Following SC ablation at E15, a population of LCs is present in adulthood (Fig. 6A) , masculinisation of the male fetus is unaffected, and circulating testosterone is normal in the adult (Fig. 6B) , indicating that functional LCs remain after SC ablation in fetal life. To examine the relationship between FLCs and SCs in more detail, LC number and function were examined 4 d after SC ablation at pnd2. Morphologically distinct LCs were apparent in the interstitial tissue between the collapsed tubules ( Fig. 6A) in these animals and total FLC numbers were unaffected by SC ablation (Fig. 6C and Fig. 7A ). In addition, cell function was similar to that of the control, with expression of Star and Cyp11a1 unchanged and relatively small (but significant) changes in expression of Cyp17a1, Hsd3b1 and Lhcgr despite the complete loss of SCs, GCs and PTMCs (Fig. 6C) . Conversely, Hsd17b3 expression was markedly reduced by neonatal SC ablation, consistent with the expression of this gene in the fetal/neonatal SC and the described role of the SCs Note that SMA expression is also restricted to blood vessels (red arrowhead) and rete testis (white arrowhead). (C,D) Expression of myoid cell markers (C) Cnn1 and (D) Myh11 following SC ablation at pnd2 (one-way ANOVA, n=7-9, ***P<0.001). (E) SMA expression is retained if SC ablation occurs at pnd18 (arrowhead). (F) Disruption to tubular basement membrane (BM) (laminin) at pnd2, whereas rete testis BM remains intact (arrowhead), whereas there is retention of gross tubule morphology from pnd18 (arrowhead). (G) Loss of calponin expression, a functional marker of PTMCs, at both pnd2 [arrow; whereas blood vessels retain it (arrowhead)], consistent with a collapse of the tubular architecture, and at pnd18 albeit with retention of gross tubule morphology. Scale bars: 100 µm.
in testosterone production prior to puberty (O'Shaughnessy et al., 2000; Shima et al., 2013) . We conclude that, following initial specification, the FLC population is retained and apparently functions relatively normally, independent of SC, GC and PTMC input in fetal and neonatal life.
Neonatal or prepubertal ablation of SCs markedly reduces final LC number in adulthood LC numbers in the mouse increase markedly at puberty as the ALC population develops (Baker and O'Shaughnessy, 2001; Vergouwen et al., 1993) . To determine whether this is directed by SCs, total LC number was counted following SC ablation in neonatal life (pnd2) or during the window of LC proliferation at pnd18 (Fig. 7A,B) . In control animals, LC number increased ∼30-fold from pnd2 to pnd80. In adult animals, following SC ablation at pnd2, abundant LCs were present surrounding the rete testis ( Fig. 3C and Fig. 7C ) but there was a sharp reduction in LC numbers more distant from the rete testis (Fig. 7C) . When SCs were ablated at pnd18, LCs in the adult were present in the interstitium between the tubules (Fig. 5A ). In both groups (SC ablation at pnd2 or pnd18), ablation of SCs resulted in a significant reduction in the numbers of LCs in adulthood (supplementary material Table S1), so that by pnd80 LC numbers in SC-ablated testes were only 7% (pnd2 ablation, Fig. 7A ) or 24% (pnd18 ablation, Fig. 7B ) of control levels. This demonstrates that SCs are fundamentally required in peripubertal life to achieve normal numbers of LCs in adulthood. Clustering of the LCs around the rete testis following SC ablation at pnd2 is also consistent with the interpretation that SCs are required for LC development in postnatal life, since this is the only area in which SC-like cells remain.
The LCs that develop following SC ablation are adult-type LCs
The LCs that develop postnatally in the mouse comprise a distinct adult population that arises from peritubular and, possibly, perivascular progenitor cells starting around pnd10 (Baker et al., 1999 ( pnd80) injected at pnd18, the tubular structure of the testis remained intact, although the tubules were marked by calcium salt deposits in the lumen (asterisks). PTMCs were present around the tubules (white arrowhead), forming multilayers in places. The lumen of some of the tubules contained unidentified cells (black arrow). LCs (B, red arrowheads) were present between the tubules. Scale bars: 400 µm (left), 50 µm (right). To determine which type of LC develops following SC ablation in the neonatal testis, we measured key molecular markers associated with FLCs and ALCs in the residual population of LCs present during puberty and in adulthood ( Fig. 7D,E) . Mc2r expression is restricted to FLCs (O'Shaughnessy et al., 2003) and, consistent with this, Mc2r was detected in both control and DTXtreated mice 4 d after treatment on pnd2. Examination at 13 d and 78 d post-ablation demonstrated a significant reduction in Mc2r transcript levels compared with 4 d post-ablation, which mirrored observations in control animals (Fig. 7D) . Conversely, expression of the ALC marker Sult1e1 (Song et al., 1997) demonstrated the opposite profile (Fig. 7E) , with a significant increase in expression at pnd80 in both control and SC-ablated testes, together confirming that LCs developing after SC ablation are of the ALC type. Similar ALC development was also confirmed following SC ablation in fetal life. Compared with the control, expression of these markers ( per LC) was significantly greater at pnd80 following SC ablation at pnd2 ( Fig. 7E ), suggesting increased activity per LC, as discussed below.
SC ablation reduces the number of ALC progenitor cells
To establish why ALC numbers are reduced in adulthood following neonatal SC ablation, we initially examined the prepubertal testis for evidence of increased cell apoptosis (cleaved caspase 3 immunolocalisation) or decreased proliferation (Ki67 immunolocalisation) in the interstitium, but found no evidence of either in developing ALCs (data not shown). We then determined whether the ALC progenitor cells were affected by SC ablation using the established progenitor cell marker nestin (Davidoff et al., 2004; Ge et al., 2006; Landreh et al., 2013) . Results showed that ablation of SCs at pnd2 (Fig. 8A) and pnd18 (Fig. 8B) was associated with loss of ALC progenitor cells, which would explain the reduction in ALC numbers observed in adulthood. However, ALC progenitor cells were retained around the rete testis, consistent with the observation that ALC development is restricted to this region following SC ablation (Fig. 8A ).
LC function compensates to maintain circulating testosterone
Despite the significant reduction in LC number, circulating testosterone concentrations in adulthood were not significantly different from those of control animals following SC ablation at any age ( Fig. 6B and Fig. 9A ), and seminal vesicle weights (Fig. 9B ) (a biomarker of circulating testosterone) did not differ. Mean LH levels were significantly higher following ablation at pnd18, but did not differ at other time points (Fig. 9C) . Examination of ALC function showed that transcript levels of the key steroidogenic enzyme Cyp11a1 were increased in the LCs remaining following SC ablation, which suggests that these cells are functionally compensating for the 70% reduction in LC numbers (Fig. 9D ). Together, these data indicate that, following SC ablation, a compensatory response occurs in the remaining LCs to increase steroid output and thus maintain circulating testosterone concentrations.
DISCUSSION
Since their initial description (Sertoli, 1865) , SCs have been linked to most aspects of testicular development and function. Their fundamental role in sex determination and spermatogenesis is well established, but their role in other aspects of testis development and function has attracted considerable speculation. The results described here now outline the extent of SC involvement in testis development and show that they are required (1) to maintain the differentiated PTMC phenotype in fetal and neonatal life, (2) to preserve the ALC progenitor cell population and (3) to stimulate ALC development. By contrast, these studies also show, for the first time, that SCs are not required to maintain the fetal population of LCs, which show apparently normal activity in the absence of SCs, PTMCs and GCs.
The PTMCs develop initially during early testis differentiation from interstitial cells (Combes et al., 2009 ) and, although they clearly provide structure to the developing tubules, they might also play a more fundamental role in testis development given their importance in the adult animal (Welsh et al., 2009) . Results from both SC ablation and testicular reconstitution experiments (supplementary material Fig. S8 ) in this study now show that the maintenance of PTMC fate during fetal and neonatal development is critically dependent on the presence and physical proximity of the SC. The nature of this interaction is unknown but, given the rapidity with which the PTMCs dedifferentiate after SC ablation (3 days before a significant macrophage response to SC ablation), active paracrine signalling appears likely, as suggested by earlier in vitro studies (Ailenberg et al., 1990; Skinner et al., 1989) . Previous work has shown that DHH is required for normal development of both PTMCs and ALCs (Clark et al., 2000) and Dhh transcript levels were markedly reduced following SC ablation ( Fig. 1; supplementary material  Fig. S2 ), consistent with a role in this process. Alternatively, as both the SC and the PTMC contribute to the formation of the BM (Tung and Fritz, 1987) , it is also possible that rapid changes in the nature of the BM contribute to the loss of PTMCs. Previous studies have reported that PTMCs will only retain their normal phenotype in culture on BM derived from the tubules (Tung and Fritz, 1986) , which is also consistent with this hypothesis. Embryonic development of the testis cords fails in mice lacking SOX8 and SOX9 (Barrionuevo et al., 2009) , but this appears to be due to loss of cell adhesion molecules, whereas extracellular matrix components are apparently normal, and the fate of the PTMC in these animals is not clear. Results from the current study also show that, by pnd18, the nature of the dynamic between the PTMC and SC has changed. The PTMCs no longer require SCs to retain their differentiated state, although their functional activity is reduced. This change in relationship might be a consequence of a terminal differentiation step in the PTMC during late neonatal development or because the BM of the tubules has developed sufficiently to maintain PTMC differentiation.
The relationship between the SC and LC during development has been the subject of considerable speculation as both cell types are crucial for normal testicular function. Results of the SC ablation studies reported here now make the relationship between these cell types clear: presence of the SC is essential for the initial differentiation of both fetal and adult populations of LCs. The FLC population arises soon after initial testis differentiation under the control of SC-derived factors such as DHH and PDGF (Brennan et al., 2003; Yao et al., 2002) as well as factors derived from other cell types in the developing testis (Kitamura et al., 2002) . Our SC ablation studies now show, however, that once differentiated the continued function of the FLCs appears to be largely independent of not only the SC, but also of the GC and PTMC. Previous studies have also shown that progressive fetal loss of SCs, caused by deletion of Wt1, is not associated with loss of the FLC (Gao et al., 2006) , which is consistent with this hypothesis. Activity of the FLC population in rodents has also been shown to be independent of hormone (LH) stimulation Zhang et al., 2001) and so, once formed, these cells appear to act autonomously to secrete androgens. The independence of these cells might be a reflection of their importance in ensuring normal masculinisation of the developing fetus.
ALC development in the mouse starts at about pnd7 after birth, during the period of SC proliferation (Nef et al., 2000; O'Shaughnessy et al., 2005 O'Shaughnessy et al., , 2012 Vergouwen et al., 1993) . ALC numbers increase rapidly up to puberty, although steroidogenic activity of the cells is low until about pnd25 (Baker and O'Shaughnessy, 2001; O'Shaughnessy et al., 2002; Vergouwen et al., 1993) . There is no doubt that proliferation of the LCs and then activation at around pnd25 is linked to the pubertal rise in LH, since LC numbers and activity remain very low in post-pubertal animals lacking LH or its receptor (Baker and O'Shaughnessy, 2001; Ma et al., 2004; Zhang et al., 2001) . Our SC ablation studies show, however, that the differentiation/development of normal LC numbers in the prepubertal/pubertal period is also critically dependent upon the presence of SCs. Current evidence suggests that the ALCs differentiate largely from progenitor cells in a peritubular location (Ariyaratne et al., 2000; Ge et al., 2006; Landreh et al., 2013; O'Shaughnessy et al., 2008b) , and the data presented here indicate that it is this progenitor cell population that requires the presence of SCs in the adjacent tubules. Failure of ALC development following neonatal or pubertal SC ablation appears to be a direct result, therefore, of loss of the ALC progenitor cells. It remains to be determined whether the SCs act directly to maintain the ALC stem/progenitor cell niche or whether they act through stimulation/maintenance of the PTMC. In either case, potential intermediaries include DHH and PDGF, which have both been shown to be involved in PTMC and ALC development and, possibly, stem cell maintenance and differentiation (Basciani et al., 2010; Clark et al., 2000; Gnessi et al., 2000; Park et al., 2007; Schmahl et al., 2008) . Other SC factors might also, of course, be involved in this process, and a recent study (De Gendt et al., 2014) has identified 508 SC-specific genes in the adult mouse testis, a number of which encode secreted proteins that could be directly involved in the regulation of ALC development.
The presence of normal adult circulating testosterone levels and normal seminal vesicle weights in SC-ablated mice, despite a 70-90% reduction in ALC number, indicates that there must be a marked increase in activity of the remaining ALCs. This is consistent with the increase in Cyp11a1 transcript levels seen after SC ablation, as the cholesterol side-chain cleavage enzyme CYP11A1 catalyses one of the rate-limiting steps in testosterone synthesis (Nolan and Payne, 1990) . Circulating testosterone levels are normally part of a homeostatic control mechanism regulating LH secretion and LC activity, but LH levels were not significantly affected following SC ablation on pnd2. This would suggest that increased activity of the remaining ALCs is probably mediated through altered paracrine control mechanisms. The increase in LH following SC ablation at pnd18 shows that the ALCs require increased stimulation in these animals to maintain testosterone output. It is not clear why there is a difference in the requirement for additional LH support between adult animals from the pnd2 and pnd18 ablation groups. The testicular architecture in the two groups differs, however, with tubules and PTMCs retained following ablation at pnd18, which might alter the responsiveness of the ALCs.
Ablation of the SC population at pnd2 caused a predictable invasion of macrophages into the interstitium 4 days later, although it had largely resolved after 13 days. The timing of this invasion makes it unlikely that the increase in macrophage numbers is responsible for the loss of PTMC phenotype, which starts within 1 day of SC ablation. It remains possible, nevertheless, that changes in ALC differentiation may have been affected by altered macrophage numbers. Previous studies have suggested that macrophages generally enhance LC function and development (Chen et al., 2002; Gaytan et al., 1994) , although activation of macrophage invasion can have an inhibitory effect (Hales, 2002) . In this case, it appears unlikely that the marked reduction in ALC development following SC ablation is caused by the transient increase in macrophage numbers for the following three reasons. (1) ALCs continue to develop around the rete testis following SC ablation at pnd2. Thus, although there might be macrophage effects in the interstitium after SC ablation, this does not affect ALC differentiation or the presence of LC progenitor cells where SC-like cells are present. (2) GC ablation prior to formation of the blood-testis barrier will induce a similar immune response in the testis to SC ablation. Data in supplementary material Fig. S4 show, however, that this has no effect on ALC progenitor cells (as determined by nestin staining), nor indeed on LC development (as determined by HSD3B staining). (3) In rats treated with EDS to ablate the ALC population there is a marked macrophage invasion of the interstitium but this does not prevent the ALC progenitor cells from repopulating the testis (e.g. Teerds and Rijntjes, 2007) . Thus, although there may be knock-on effects of the macrophage invasion after SC ablation, it is unlikely that they explain the changes in PTMC or ALC development. Nevertheless, we cannot exclude the possibility that these secondary effects might contribute to the phenotype seen after SC ablation.
Previous studies have shown that the gonad remains capable of sex reversal even in adulthood. Normally, in the female, FOXL2 acts to maintain ovarian phenotype and in its absence granulosa cells will be reprogrammed into SCs and theca cells will develop into LCs (Ottolenghi et al., 2005) . It has also been shown that loss of DMRT1 in SCs leads to reprogramming of the testis towards an ovarian phenotype associated with increased FOXL2 expression in the SC (Matson et al., 2011) . The DTX-induced loss of SCs in this study did not lead to any increase in expression of ovarian transcript markers and there were no clear morphological changes in the LC population. This might suggest that any change in gonadal phenotype after loss of DMRT1 requires the presence of SCs and is consistent with a crucial role for the SC in regulating testis structure/function.
In the adult animal both ends of the seminiferous tubules open into the rete testis through the connecting transition zone and tubuli recti (Dym, 1974 (Dym, , 1976 Nykänen, 1979) . The rete testis is at the interface between structures derived from the embryonic testis cords and the mesonephric tubules and it has a simple cuboidal epithelium in the mouse, which differs from the normal SC epithelium of the tubules. In some species [e.g. Bovini (Wrobel, 2000) ] the rete testis clearly has an extratesticular origin but data from this study now strongly suggest that at least some of the cells of the rete epithelium in the mouse are SC-like and express at least some SC markers (SOX9). These SC-like cells also appear to be able to maintain ALC precursor/stem cells and allow ALC differentiation in the immediate vicinity of the rete testis, although it is not clear whether this SC-like activity is normal in these cells or whether it is induced by loss of SCs in other parts of the testis. The elongated phenotype of the rete epithelium after SC ablation in the neonate (Fig. 1J) certainly differs from the morphology of normal cells, which would be consistent with altered function of the cells. Although these rete cells clearly show SC-like activity, it remains unclear whether they also share the same lineage as the SC.
In conclusion, the development and application of these novel transgenic models has, for the first time, permitted acute cellspecific ablation of SCs from the developing testis. Exploitation of the DTX-mediated approach has allowed specific and rapid removal of SCs from the testis, leading to a greater understanding of the function of the SC during testis development. Together, these studies demonstrate that the SCs not only control sex determination and spermatogenesis, but also act to direct testicular development and function throughout fetal, neonatal and prepubertal life. The data also show that the testis can display a high level of adaption to maintain circulating testosterone levels despite a 90% loss of ALCs. This probably means, however, that the cells are functioning at a much higher level of activity, which will reduce the ability of the system to respond to challenges and might lead to premature, age-related loss of ALC activity.
MATERIALS AND METHODS

Generation of mouse models
Mice were housed under standard conditions of care and bred as described in the Results. Amh/Stra8;iDTR mice were injected subcutaneously with a single acute dose (100 ng in 50 µl) of DTX (Sigma-Aldrich) or with 50 µl sterile water (vehicle). Experiments passed local ethical review and were conducted with licensed permission under the UK Animal Scientific Procedures Act (1986), Home Office licence number PPL 60/4200, and the ethical guidelines of the Direction Générale de la Santé of the Canton de Geneve.
qRT-PCR
RNA isolation and real-time PCR were carried out as previously described O'Shaughnessy and Murphy, 1993) . Primers are listed in supplementary material Table S2 .
Stereology, histology and immunohistochemistry
Tissues were fixed in Bouin's solution for 6 h, and embedded in paraffin for immunohistochemistry or in Technovit 7100 resin (Heraeus Kulzer, Wehrheim, Germany) for stereology. Stereology was carried out as previously described (O'Shaughnessy et al., 2012) . For histology, slides were stained with Hematoxylin and Eosin. For immunolocalisation, slides were treated as previously described (Welsh et al., 2009) . Negative controls lacking primary antibody were used throughout. A minimum of three different animals from each group were tested and vehicle and DTX samples were processed simultaneously on the same slide, and each protocol was carried out on a minimum of three separate occasions. Antibodies used are detailed in supplementary material Table S3 .
FSH, LH and testosterone
Serum follicle stimulating hormone (FSH), luteinizing hormone (LH) and testosterone levels were measured as described previously (Corker and Davidson, 1978; McNeilly et al., 2000) .
Testis dissociation and xenografting
Testes were isolated from pnd8 mice, fragmented and digested to obtain a single-cell suspension, and injected (5-6 grafts per animal) subcutaneously into the back of castrated male CD1 nude mice as previously described (Mitchell et al., 2010) . Grafts of Matrigel (BD Biosciences) suspended isolated cells were retrieved 28 d later, weighed and fixed in Bouin's solution for 2 hours.
Statistical analysis
Data were analysed using Prism (version 5, GraphPad Software) by Student's t-test or one-way ANOVA with the appropriate post-hoc tests (Turkey's multiple comparison or Dunnet's test). When required, data were normalised by Box-Cox transformation. Values are expressed as mean±s.e.m.
